Objectives: To measure the incidence of cerebral desaturations during high-risk cardiac surgery and to evaluate strategies to reverse cerebral desaturations.
O VER THE LAST DECADE, near-infrared reflectance spectroscopy (NIRS) has been used increasingly as a noninvasive device to monitor regional saturation and blood flow in the cerebral frontal region during cardiac surgery. Originally developed as a neurologic monitor, 1,2 decreases in NIRS values have been used to detect catastrophic cerebral events when more invasive monitors remain silent. 1, 3 Also, NIRS has been useful in detecting patients at risk of early cognitive decline after cardiac surgery. [4] [5] [6] Given this evidence, one would expect the use of NIRS technology to be prevalent in cardiac surgery patients. However this is not necessarily the case, as NIRS is often regarded as a ''doom-and-gloom'' monitor, the one which tells anesthesiologists that something is wrong with the patient but for which little can be done. In an attempt to use NIRS as an intervention monitor, a few randomized studies have used strategies to reverse decreases in values of regional cortical oxygen saturation (rSO 2 ) to measure its effect on outcome. In a major abdominal surgery, reversing decreases in rSO 2 values is associated with better postoperative Mini-Mental State Examination scores, in shorter lengths-of-stay in the postanesthesia care unit and in the hospital. 7 In cardiac surgery, reversing decreases in rSO 2 values is associated in a lower risk of major organ dysfunction. 8 However, others have failed to follow specific strategies to reverse cerebral desaturations during their study. 4 Thus evidence that significant decreases in rSO 2 values successfully can be reversed during cardiac surgery remains scarce. To consolidate a strategic approach for the reversal of decreases in rSO 2 values, a clinical algorithm based on 10 years of experience with NIRS technology in cardiac surgery was proposed. 3 Using this algorithm, the authors hypothesize that the majority of decreases in rSO 2 values during cardiac surgery can be reversed and that this reversal will reduce the total desaturation load of patients, calculated area of depth of desaturation over time. This measure consistently has been associated with bad outcome. 1 Therefore, the goal of the present study was 2-fold. First, the authors prospectively tested the efficacy of the algorithm to reverse decrease in rSO 2 values in consecutive patients undergoing high-risk cardiac surgery. Second, in a pilot study, the authors randomized patients to an intervention (INTERV) group (use of the algorithm) and a control (CONT) group (no intervention) to verify that the interventions actually resulted in a reduction of the desaturation load during the course of surgery and in the intensive care unit (ICU).
METHODS

Subjects and Data Collection
Prospective Study
Institutional Ethics approval was obtained for the prospective part of the study. Consecutive patients requiring complex cardiac surgery with cardiopulmonary bypass (CPB) were included in the study regardless of comorbidities. High-risk surgery was defined as redo surgery, adult congenital surgery, thoracic aortic surgery with and without circulatory arrest, and combined procedures surgery. Combined surgery included coronary artery bypass graft (CABG) and valvular surgery or multiple valvular surgery or valvular and aortic surgery.
Patients with a perioperative risk estimation score 415 using the Parsonnet score 9 also were included in the study regardless of the surgery intended. Exclusion criteria included patients under the age of 18, emergency surgery, first-order CABG surgery, and single-valve surgery in patients with a perioperative risk estimation score o15. Descriptive data were collated on the patients.
Randomized Pilot Study
The Institutional Ethics Board approved the randomized study, and informed consent was obtained from every patient. Inclusion and exclusion criteria were identical to the prospective study except for patients with planned circulatory arrest because the anesthesiologists and surgeons insisted on the use of NIRS in these cases. The patients were randomized in 2 groups: an INTERV group where the algorithm was followed to reverse decreases in rSO 2 values, and a CONT group where the NIRS values were hidden from the anesthesiologists.
Measurement of rSO 2 values and strategies to reverse significant decreases in rSO 2 Cerebral oxygen saturation was measured using near-infrared spectroscopy (NIRS, INVOS 4000) with the sensors placed on each side of the forehead of the patients, as previously described. 3 Baseline rSO 2 values were obtained with the patient in a supine position breathing a mixture of oxygen and air with nasal prongs. Significant decreases in rSO 2 values were defined as a decrease 420% from baseline lasting 15 seconds or more. 8 The algorithmic approach for the reversal of significant decreases in rSO 2 has been described previously and is shown in Figure 1 .
3 When a significant decrease in rSO 2 values occurs, an alarm is activated and the anesthesiologist in charge follows the algorithm in an attempt to reverse the desaturation. The neutral position of the head is verified as extreme rotations can hinder jugular venous return or carotid flow. During CPB, the position of the venous cannula is verified to rule out obstruction (step 1 in Fig 1) . If the head and cannula are placed correctly (or not placed yet) and blood pressure (BP) is lower than 20% of the mean baseline for the patient, vasopressors or volume is given to increase BP (step 2 in Fig 1) . If rSO 2 remains low after the increase in BP within 20% of the baseline, systemic oxygenation is verified with pulse oximetry and/or with the partial pressure of oxygen from an arterial blood gas (step 3 in Fig 1) . If normal, end-tidal CO 2 is verified, and if below 35 mmHg, ventilator parameters are adjusted to increase endtidal CO 2 between 35 and 45 mmHg (step 4 in Fig 1) . When cerebral desaturation persists after the increase in end-tidal CO 2 , hemoglobin levels are obtained and the anesthesiologists can transfuse the patient according to transfusion protocols (step 5 in Fig 1) . When hemoglobin levels are above the lower limit for transfusion, the intervention is dependent on whether the patient is before, during, or after CPB. Before CPB, cardiac performance can be improved pharmacologically depending on the specific condition of the patient. During CPB, pump flow can be increased within acceptable levels. After CPB, right and left ventricular performance must be evaluated and cardiac performance improved depending on the specific findings (step 6 in Fig 1) . Rarely, when cerebral desaturation is refractory, one can suspect hypothermia or a return to consciousness, or convulsions, and the patient should be treated according to the clinical findings (step 7 in Fig 1) . With suspicion of an increase in intracranial pressure or cerebral ischemia in the interrogated region (step 8 in Fig 1) , rSO 2 values are not expected to return to normal and proper investigation and treatment should be undertaken. Each intervention attempt and its success or failure is noted. As well, failure of the algorithmic approach to successfully reverse decreases in rSO 2 is recorded. Whether decreases in rSO 2 occurred before, during, or after CPB also is specified. All members of the anesthesiology department are familiar with the algorithm and participated in the study.
In the randomized trial, reversal of significant decreases in rSO 2 values was attempted as described earlier in the INTERV group, whereas in the CONT group the monitor screen was hidden and the alarms turned off but the rSO 2 values were saved for analysis. NIRS monitoring was maintained in the ICU in both INTERV and CONT for 12 hours or until endotracheal extubation. However, the monitor screen was hidden and the alarms turned off for all patients in the ICU.
Statistical Analysis
Prospective Study
Bivariate associations or comparisons were made using the Pearson correlation coefficients, 2-group t-tests, paired t-tests, and Pearson chisquare tests. Assumptions underlying the use of these procedures (such as linearity for the correlation coefficients, or normality and homoscedasticity of the variances for the 2-group t-test) were checked and transformations and/or nonparametric procedures were used when necessary.
Models for predicting the probability of a cerebral desaturation or the probability of reversing decreases in NIRS were based on multiple logistic regressions. A forward stepwise approach was used for selecting in a first step significant demographic variables. Adjusting for the significant demographic variables retained in the model, a second forward stepwise approach was done on the clinical variables. Adequacy of the models was verified with the Hosmer-Lemeshow statistic.
Randomized Pilot Study
Differences between the INTERV and CONT groups were analyzed using 2-group t-test for continuous data. Assumptions underlying the use of a t-test (normality and homoscedasticity of the variances) were checked, and transformations and/or nonparametric procedures were used when necessary. The Pearson chi-square test was used to compare groups for categorical data. The cerebral desaturation load in both the groups was calculated as the product of the time spent in desaturations and the severity of cerebral desaturations. Data are presented as means Ϯ standard Q10 deviation unless otherwise specified, and statistical significance was set at p o 0.05.
RESULTS
Prospective Observational Study
Incidence of Decreases in rSO 2 and Success Rate of Interventions
Descriptive data are presented in Table 1 . Two hundred T1 seventy-nine patients were included in the study, 159 men and 120 women. Baseline saturation values were similar between the right side and the left side. There was only a weak correlation between baseline values of cerebral saturation and the age of the patient (r 2 ¼ 0.064). Baseline values of cerebral saturation were not significantly different in patients with a high Parsonnet score (415) compared with patients with lower scores (67 Ϯ 10% and 66 Ϯ 10%, respectively, p ¼ 0.639). Significant decreases in rSO 2 occurred in 48.8% of the patients, and reversal was achieved in 88.2% of them. In the 136 patients who had cerebral desaturations, a total of 267 desaturations were noted. Most patients had only 1 episode, 37 patients had 2, and 31 patients had more than 2 cerebral desaturations. The greatest number of cerebral desaturation in one patient was 9. Women had significantly more cerebral desaturations than men, 63% and 38%, respe
A description of the interventions used and their success rate is described in T2 Table 2 . Interventions using the algorithmic strategy resulted in the reversal of 235 of the 267 of the significant decreases in rSO 2 values, a success rate of 88.0%. The total number of interventions needed to achieve this result was 298, and thus, the rate of successful reversal per intervention is 78.9%. Half of the significant decreases in rSO 2 values occurred during CPB, and the rest of the desaturations were distributed equally between pre-CPB and post-CPB. Repositioning of the cannula and blood transfusions had a 100% rate Table 2 also describes the interventions most frequently used. By far, increases in BP were used the most often (34.2%) with an overall success rate over 90%, indicating that BP control is important for maintaining cerebral blood flow and oxygenation in this patient population. There was no treatment for suspected increases in intracranial pressure. Table 3 describes the proportion of cerebral desaturations with the types of surgical interventions. The most frequent type of surgery was combined surgery (34.8%); this was followed in descending order by first-order CABG in patients with a perioperative risk estimate score 415, redo surgeries, mitral valve replacement or repair, aortic valve replacement, replacement of the ascending aorta, and tricuspid valve repair. More than 50% of the patients who underwent redo surgery, aortic valve replacement, ascending aorta repair, and aortic valve repair had a significant decrease in rSO 2 values. Patients for tricuspid valve repair had the least amount of decreases in rSO 2 value (30%).
Predictive Model of Cerebral Desaturation
The results from the predictive model of decreases in rSO 2 values as well as the success of the interventions to reverse cerebral desaturations are shown in Table 4 . Overall, lower weight patients, female patients, and patients undergoing surgery other than mitral valve surgery were more at risk of cerebral desaturations. When specified during pre-, per-, and Q12 post-CPB, the predictive model showed that female was the only predictive factor for cerebral desaturations in the pre-CPB period. During CPB, female patients, lower weight patients, and patients undergoing redo surgery were more at risk of cerebral desaturations. No predictive factors were found for the period post-CPB.
The predictive model for the interventions most likely to succeed in reversing decreases in rSO 2 values showed that increasing BP or increasing end-tidal carbon dioxide concentration (ETCO 2 ) was the most successful interventions when adjusting for sex, redo surgery, and combined surgeries. Moving the head was the least likely intervention to reverse decreases in rSO 2 values.
Randomized Pilot Study
Forty-eight patients were recruited for the randomized pilot study: 25 control patients and 23 intervention patients. The incidence of cerebral desaturations was similar between the groups, 19/25 (76%) patients in the CONT group compared with 16/23 (69.6%) in the INTERV group. In the INTERV group, 92.5% of significant decreases in rSO 2 values were reversed back to normal values. When looking at the differences in the severity of cerebral desaturations in the operating room (OR) between the groups, the total area under the curve Table 5 ). There were no differences between the CONT group and the INTERV group in demographic data, total time of surgery, time of CPB, time of intubation, ICU and hospital length-of-stay, and postoperative complications ( T6 Table 6 ). Patients who did not have cerebral desaturations in the OR did not have desaturations in the ICU. Of the 19 patients who had cerebral desaturations in the OR in the CONT group, 14 (73.7%) had desaturations in the ICU. For the INTERV group, significantly fewer patients had cerebral desaturations in the ICU after having desaturations in the OR, 6/16 (37.5%, p o 0.0347). The total area under the curve of timedesaturation percentage in the ICU was significantly greater in the CONT group compared with the INTERV group (Table 5) .
DISCUSSION
This is the first study describing the success rate of strategies to reverse significant decreases in rSO 2 values during high-risk cardiac surgery. High-risk surgery patients were chosen because the use of NIRS technology is reserved to this group of patients in the authors' institution for economic reasons. This appears to be the case in most other tertiary centers in Canada as was discovered using an informal survey during a meeting of the Canadian Perioperative Anesthesia Clinical Trial group. 10 Thus, NIRS technology presently appears to be used mainly in high-risk cardiac surgery patients even though there is very little evidence of its benefits in this group of patients.
The results of the study confirm that cerebral desaturations are frequent in high-risk cardiac surgery and that a high success rate in the reversal cerebral desaturations is possible using an algorithmic approach. In studies including only CABG patients, 30% to 56% of the patients had cerebral desaturations. 4, 8 The authors found that 50% of the cerebral desaturations occur during CPB. This is important because it emphasizes the need for a common approach from anesthesiologists and perfusionists to develop strategies for the reversal of cerebral desaturations during CPB. Therefore, training perfusionists in the management and in the development of strategies to reverse decreases in rSO 2 values appears to be crucial. A specific algorithm for the reversal of cerebral desaturations during CPB could be envisioned.
Recently, NIRS values at baseline and during cardiac surgery have been used as an index of the severity of disease. For example, significant cerebral desaturations during CABG surgery are associated with an increase in hospital length-ofstay, 4, 8 in multiple-organ dysfunction, 8 and in postoperative delirium. 11 In contrast to other authors, a correlation between baseline rSO 2 values and an increase in the perioperative risk evaluation score was not found by the authors. 12 Low baseline rSO 2 values prior to surgery were associated with low Euro-SCORE, 12 low left ventricular systolic 12, 13 and diastolic function, 13 with an increased risk of postoperative delirium 11 and increased risk of 30-day and 1-year major morbidity and mortality. 12 This discrepancy most likely resulted from the fact that the patient population included only high-risk patients. Also, the sample size in this study was 3 times smaller as the purpose of the study was to validate the algorithmic approach to the reversal of decreases in NIRS values.
Verifying the position of the head is the first intervention on the algorithm. The results show that this first intervention was unlikely to be effective in reversing cerebral desaturations. This is not surprising as its effectiveness depends on clear evidence of venous congestion or arterial obstruction. Adjusting a misplaced cannula however had a 100% success rate. These situations were recognized mainly from a deficit in the blood volume in the reservoir and using transesophageal echocardiography to identify cannula misplacement. No other monitoring device normally used in the OR can warn of such events. Because mechanical obstructions can have catastrophic consequences for patients, 3 a careful examination of the head and face of the patients and verifying the position of the cannula using transesophageal echocardiography is warranted when cerebral desaturations occur.
The predictive model indicated that BP control was an important factor in maintaining normal rSO 2 values. This is an important point as there is no consensus on what optimal BP should be used during CPB. Prior to CPB, BP levels depend on many factors including the level of myocardial ischemia, the degree of valvular disease, or a history of cerebral vascular disease. Thus, at this stage, the range of BP necessary to maintain normal homeostasis in patients is more apparent. During CPB however, BP targets for specific patients are much more difficult to determine. As a general rule, mean BP is maintained between 60 and 70 mmHg. The authors' experience has shown that some patients require a mean BP well over 70 mmHg during CPB to maintain rSO 2 values within 20% of the baseline, whereas other patients maintain baseline rSO 2 values with a mean BP in the fifties. Furthermore, large gradients were found regularly between BP measurements from the radial artery and the femoral artery. Femoral systolic pressure gradients o25 mmHg can be found in 30% to 50% of the patients during CPB.
14 This evidence suggests that NIRS measurements during CPB can help to personalize BP targets for specific patients and situations.
The impact of varying ETCO 2 values on cerebral oxygen saturation has been well documented. 15, 16 Hypercapnia increases cerebral blood flow and thereby increases rSO 2 values, whereas hypocapnia has the reverse effect. Accidental or purposeful hypocapnia can have negative effect in patients including poorer psychomotor performance, personality changes, increased coronary arterial spasms, and reperfusion injury.
17 NIRS monitoring often helps in giving early warning of inadvertent hyperventilation of anesthetized patients. As well, on occasion, ventilation parameters can be adjusted to maintain ETCO 2 at the upper limit of the normal values in an attempt to maintain normal rSO 2 values without causing hypercarbic cerebral vasodilatation.
Blood transfusions were 100% effective in reversing cerebral desaturations in this study. One reason for this success rate is most likely the result of giving blood products only when the lower threshold for transfusions was reached and tissue oxygenation was jeopardized. In situations where there is uncertainty about the necessity to transfuse a patient, the combination of significant cerebral desaturations and a low hemoglobin value can be a strong enough argument to give blood if this is the only parameter on the algorithm that is abnormal. The same low hemoglobin value with a normal cerebral saturation, on the contrary, may help in the decision to postpone blood transfusion. These results suggest that NIRS monitoring could help establish personalized blood transfusion thresholds in this patient population. In pediatric patients, NIRS values have been used in the past to evaluate the need for blood transfusion during cardiac surgery. 18, 19 Independent predictors of cerebral desaturations included lower weight patients and being female. Frail patients may be at higher risk of desaturations because frailty is a sign of advanced disease. At present, indexes of frailty are being studied to predict outcome in cardiac surgery. [20] [21] [22] At first, the authors interpreted the increase in the incidence of cerebral desaturations in women to lower body weight and a dilution effect of the priming of the CPB machine. However, being female turned out to be an independent predictor of cerebral desaturations in high-risk cardiac surgery. The exact reasons remain to be investigated and elucidated.
In the prospective study, 88% of all the cerebral desaturations in the patient population were reversed successfully. Although one could assume that the interventions attempted were responsible for the reversal of cerebral desaturations, this may not be the case. Factors that anesthesiologists may not be aware of could have been responsible for some or most of the reversals. To rule out this possibility, it is necessary to show that interventions to reverse decreases in rSO 2 values result in a decrease in the total time patients spend in cerebral desaturations compared with a group of patients without interventions. The authors, therefore, performed a pilot randomized controlled trial to test this hypothesis. The results from this study showed that interventions resulted in a significant decrease in the length of time and severity of cerebral desaturations in these patients, other factors being equal. This is an important validation of the algorithmic strategies as the desaturation load, defined as the product of the time spent in cerebral desaturations and the severity of desaturations, has been associated with worse outcomes. [4] [5] [6] 8 However, it is noteworthy that even though interventions reduced the time spent in a state of desaturation, this did not result in a significant difference in intubation time, ICU and hospital length-of-stay or in perioperative complications.
In the randomized study, the authors also wanted to look at the incidence of cerebral desaturations in high-risk cardiac surgery patients after they are transferred to the ICU. This is the first study to follow the evolution of NIRS measurements from the OR to the ICU. It is interesting that although the number of patients studied was low, the authors found that patients who do not have cerebral desaturations in the OR do not have desaturations in the ICU. Of the patients who had cerebral desaturations in the OR, the ones in the CONT group had a significantly larger desaturation load in the ICU compared with patients in the INTERV group. As no interventions were made to reverse decreases in rSO 2 values in the ICU, interventions made in the OR appear to have a protective effect on cerebral desaturations in the ICU. If this result can be reproduced, it would be an additional incentive to implement strategies to maintain baseline cerebral saturations in the OR in this patient population.
There are several limitations to the present study. First, this is a relatively small study performed in a single tertiary center. Thus, it is important to design a multicenter feasibility study to ensure that the strategies to reverse significant decreases in rSO 2 values can be applied successfully in other centers. Such a study is already in progress (NCT01432184). Second, the present study was not powered to look at patient's outcome. If the feasibility study is positive, a large randomized multicenter study will be needed to measure major outcomes in this patient population. Also, the algorithmic approach used in this study is not all-inclusive and its use in several centers could lead to the development of alternative strategies for the reversal of decreases in rSO 2 values. Finally, previous studies have shown that factors such as local skin ischemia and the use of vasopressors can result in decreases in rSO 2 values that have little to do with cerebral oxygenation and blood flow. 23, 24 Therefore, an overall assessment of the patient's condition is always recommended when evaluating decreases in rSO 2 values.
In summary, the authors have demonstrated a high incidence of cerebral desaturations in high-risk cardiac surgery and developed a successful approach to reversing these desaturations. This approach reduces the desaturation load of patients during high-risk cardiac surgery and appears to have a protective effect on the desaturation load in the ICU. A feasibility study is under way and a large randomized controlled study will be needed to measure the overall benefit of reversing low NIRS values during high-risk surgery. The timing of these studies is crucial as NIRS is used increasingly in cardiac surgery. Meanwhile, clear evidence of its benefits and cost-effectiveness for patients is still lacking.
